ABSTRACT Female insects may choose to mate with males providing the largest nuptial gift via the spermatophore, which may correlate with Þtness related characters such as body size. Here, we examined spermatophore size of northern corn rootworm, Diabrotica barberi Smith & Lawrence (Coleoptera: Chrysomelidae), in relation to body size of males and females and in relation to pairing duration. Virgin males and females of known ages were weighed before and after pairing. Pairs were noted as copulating or not copulating. Copulating males lost signiÞcantly more weight than did noncopulating males, whereas copulating females gained signiÞcantly more weight than did noncopulating females. For copulating pairs, male and female weight before pairing correlated positively. Spermatophore weight correlated positively with male weight before pairing and was estimated to be 0.37 or 0.38 mg, depending on whether weight change data from males or females were used for estimation. Spermatophore mass accounted for Ϸ4.4% of male body weight. An effect of pairing duration on spermatophore weight was demonstrable only when weight change data from females were used. Implications of the results for management of rootworm resistance to genetically modiÞed maize are discussed.
The northern corn rootworm, Diabrotica barberi Smith & Lawrence, and western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), can inßict serious damage to maize, Zea mays L., resulting in economic losses. These two pests occur throughout the upper midwestern states comprising the Corn Belt, and the western corn rootworm continues to proliferate in maize-growing regions of Europe (Sappington et al. 2006 , Gray et al. 2009 ). Historically, both species have adapted remarkably well to management practices. For example, the western corn rootworm has repetitively evolved resistance to various types of chemical insecticides (Ball and Weekman 1963 , Meinke et al. 1998 , Wright et al. 2000 , Zhu et al. 2001 , and both species circumvented crop rotation (Chiang 1965 , Levine et al. 2002 . Since 2003, the U.S. Environmental Protection Agency (USEPA 2007) has allowed the use of transgenic maize to control corn rootworm populations , Storer et al. 2006 . However, one caveat the USEPA (2007) imposed was requiring a 20% refuge of nontransgenic maize be planted within or adjacent to the transgenic maize Þeld.
Refuge strategies that increase the probability of mating between resistant and susceptible beetles are considered key to slowing the evolution of resistance to transgenic maize; however, their development would beneÞt from a more complete understanding of the biology of corn rootworms (Onstad et al. 2001 , Storer 2003 , USEPA 2007 , Marquardt and Krupke 2009 , Spencer et al. 2009 ). Emphasizing the need for this research are the recent results showing that resistance to transgenic maize can be artiÞcially selected for in a few generations (Lefko et al. 2008; Meihls et al. 2008 Meihls et al. , 2011 Tabashnik 2008; Oswald et al. 2011 ) and the recent discovery of Þeld evolved resistance found in the western corn rootworm in Iowa (Gassmann et al. 2011) . Under Þeld conditions, discrimination by resistant females against mating with susceptible males, or vice versa, also could favor resistance development because it would tend to reduce efÞcacy of the refuges considered vital to resistance management.
There can be many reasons females choose to accept or reject males as mating partners. Traits females may use to discriminate males include body size, courtship intensity, courtship duration, body odor, and nuptial gifts transferred during copulation, to name a few (Thornhill and Alcock 1983 , Eberhard 1996 , Gwynne 2008 , Ali and Tallamy 2010 , Thomas and Simmons 2011 . These traits may not be mutually exclusive and could even be correlated (e.g., body size and nuptial gift size, Wedel 1997 , Gwynne 2008 . Thus, larger males providing larger or more nutrient-rich nuptial gifts during copulation could have a mating Mention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
advantage over smaller males. For many insect species, male nuptial gifts are transferred to females via the spermatophore. Nuptial gifts may be eaten or absorbed by the female. Many of the absorbed gifts in insects result from male accessory gland secretions or environmentally acquired chemicals that are passed along with the spermatophore (Gillott 2003 , Gwynne 2008 . For example, in the southern corn rootworm, Diabrotica undecimpunctata howardi Barber, males acquire bitter tetracyclic triterpenes by consuming cucurbit plant material and then pass these chemicals during copulation to females that incorporate them into their eggs to help protect against predation (Tallamy et al. 2000) . In corn rootworms, as in many insect species, males transfer a spermatophore to the bursa copulatrix of females during copulation, which induces female monogamy or a long refractory period until the next mating (Hill 1975 , Branson et al. 1977 , Lew and Ball 1980 , Quiring and Timmins 1990 , Tallamy et al. 2000 , Gillott 2003 , Gwynne 2008 , Spencer et al. 2009 , French and Hammack 2011 . Spermatophore size has been estimated for northern corn rootworm (Campbell 2009 ) but has not been examined in relation to body size or pairing duration.
Our objectives were to estimate the magnitude of male resources invested in females during mating of the northern corn rootworm and to do so in relation to body size and pairing duration. This was done by using weight changes measured during pairing of the sexes to estimate the weight of resources transferred to females during copulation, with the bulk of resources assumed to be associated with the spermatophore.
Materials and Methods
All D. barberi were reared similarly to D. v. virgifera (Jackson 1986 ) at the USDAÐARS North Central Agricultural Research Laboratory in Brookings, SD. Test insects originated from a univoltine laboratory colony that was started in 1996 from Þeld collections made near Brookings. Insect handling procedures and composition of the adult diet were reported previously in detail (French and Hammack 2010) . In brief, pupae were excavated from the soil, sexed (Krysan 1986) , housed individually in darkness within environmental chambers at 25ЊC and 60% RH, and checked daily for eclosion. Adults that had eclosed within the past day were individually isolated in 1.15-liter plastic cages provisioned with fresh food and water and moved to a photoperiod of 14:10 (L:D) h at 25ЊC and 60% RH.
Virgin beetles identiÞed by unique numbers were placed in maleÐfemale pairs in 10-by 35-mm petri dishes. We timed the duration of all pairings and limited the duration to Ϸ4 h. Age at pairing ranged from 3 to 10 d for females and from 3 to 11 d for males, with the range of ages dictated by insect availability and including only ages known to result in successful copulations for the northern corn rootworm (Campbell 2009, French and Hammack 2011) . We observed the mating behavior and noted the beginning of copulation when the male fully inserted his aedeagus into the female and positioned his metathoracic legs completely off of the substrate along each side of the female abdomen near her genitalia (French and Hammack 2010) . The end of copulation was recorded when the sexes separated, usually designating the successful passing of a spermatophore (French and Hammack 2010) . Immediately before the sexes were paired and when pairing was terminated, with the pairing of insects considered to have mated terminated as soon as the sexes separated, we weighed each beetle to the nearest 0.0001 mg by using a UMX5 analytical electronic ultra-microbalance (Mettler-Toledo, Greifensee, Switzerland). Upon completion of weighing, all females scored as having copulated were dissected for the presence or absence of a spermatophore using an M32 stereomicroscope (Wild, Heerbrugg, Switzerland) at 25ϫ magniÞcation.
Body weight change during pairing was calculated by subtracting weights recorded before pairing from those recorded after pairing. Because some of the variables, weight changes in particular, were not normally distributed even with transformation, we used MannÐWhitney U tests to examine differences between copulating and noncopulating insects by sex with respect to age, insect weights before and after pairing, absolute and percent weight changes, and pair duration (Zar 1984) . For pairings with and without copulation, Spearman rank-order correlation analyses were used to examine relationships among female and male weights before pairing, weight changes during pairing, and pair duration (SAS Institute 2008).
Spermatophore weight (SW) was estimated by adjusting the weight change shown by mated insects of each sex for that incurred by insects that did not mate. SpeciÞcally, this was done by sex for each individual within mating pairs by subtracting a constant median percent weight loss of insects that did not mate from the percent weight change recorded during mating: SW ϭ ⎪(weight before mating) ϫ (% weight change during mating Ϫ constant)/100⎪.
Median rather than mean percent weight losses were used for adjustment because the losses were highly skewed. Correlation analyses were used to examine the similarity of estimates of spermatophore weights derived from adjusted weight changes of males and females and to examine the dependence of spermatophore weight on female and male weights before pairing and on pair duration. Pearson productmoment correlation was used when variables were normally distributed or could be rendered normal via transformation; otherwise, analysis depended on Spearman rank-order correlation (SAS Institute 2008).
Results
Of 127 pairings of virgin males and females, 66 (52%) were visually scored as successful copulations, with the remaining 61 (48%) considered to be unsuccessful (Table 1) . Dissection after pair separation revealed a spermatophore in 100% of females visually scored as having copulated.
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There were no differences between the ages of males or of females that did and did not copulate (U ϭ 1917, P ϭ 0.64 and U ϭ 1794, P ϭ 0.29, respectively; Table 1 ). Likewise, there were no differences between the weights measured before pair establishment of either males or of females that did and did not copulate (U ϭ 1659, P ϭ 0.09 and U ϭ Ϫ1832, P ϭ 0.38, respectively; Table 1 ). After pairs were separated, we also found no differences between the weights of successful and unsuccessful males (U ϭ 1989, P ϭ 0.91) or successful and unsuccessful females (U ϭ 1647, P ϭ 0.08; Table 1 ). Pairing duration did, however, differ between mating and not mating pairs (U ϭ 1254, P ϭ 0.0002) and was signiÞcantly shorter for pairs that mated than for those that did not, with a mean Ϯ SD duration of 121 Ϯ 32 and 135 Ϯ 23 min, respectively. Successful males also lost signiÞcantly more weight and a higher percentage of weight than did unsuccessful males (U ϭ 50, P Ͻ 0.0001 and U ϭ 77, P Ͻ 0.0001, respectively; Table 1 ). In contrast, successful females gained signiÞcantly more weight and a higher percentage of weight than did unsuccessful females (U ϭ 0, P Ͻ 0.0001 and U ϭ 0, P Ͻ 0.0001, respectively; Table 1 ).
When pairing did not lead to copulation, statistically signiÞcant correlations occurred for each sex only between weight before pairing and weight change during pairing, although there was a tendency for females to lose more of their starting weight with longer pair durations ( Table 2 ). All correlations in Table 2 for pairs that did not copulate were insignificant when weight change data were expressed as percentages rather than absolute weights, with only the correlation between percent female weight change and pair duration even approaching signiÞ-cance (r ϭ Ϫ0.23, P ϭ 0.080; data not shown).
For copulating pairs, male and female weights before mating were positively correlated ( Table 2 ). The change in weight of mated males correlated negatively with both male and female weight before copulation, although the correlation with initial male weight was the stronger of the two correlations ( Table 2 ). The weight change of females that copulated correlated signiÞcantly only with pair duration and did so negatively. Female and male weight changes were not signiÞcantly correlated, but very nearly so (Table 2) .
After adjusting for weight loss of noncopulating insects by using a constant median (interquartile range) weight loss of 1.4021% (0.6676%) of starting weight for males and 1.3463% (1.1781%) of starting weight for females, mean Ϯ SD spermatophore weight was estimated to be 0.3704 Ϯ 0.1017 or 0.3764 Ϯ 0.0895 mg, depending on whether calculation used male or female data, respectively. Thus, the weight of the spermatophore transferred during copulation accounted for Ϸ4.40 Ϯ 1.06% of the initial body weight of males and 3.40 Ϯ 1.05% of that of females based on the male spermatophore estimate and 4.43 Ϯ 1.10% of the initial body weight of males and 3.43 Ϯ 1.03% of that of females based on the female spermatophore estimate.
Spermatophore weights derived from adjusted weight changes of females were normally distributed but those derived from males were not and could not be rendered normal via transformation. Thus, the Spearman test was used to demonstrate a signiÞcant correlation between spermatophore weights calculated from female and male data (r ϭ 0.27, P ϭ 0.027). Spermatophore weight calculated from adjusted weight changes of females correlated positively with male weight before mating and negatively, after log (x ϩ 1) transformation, with pair duration (Table 3) . Only the positive correlation with male weight before mating was evident when spermatophore weights were calculated from adjusted weight changes of males (Table 3) . 
Discussion
In agreement with a previous study (French and Hammack 2010) , our results indicate that visual observation of D. barberi mating behavior is a reliable method to establish that spermatophore transfer has occurred during pairing. This situation contrasts, however, with the cryptic female choice reported for the southern corn rootworm, which makes visual observation an unreliable indicator of spermatophore transfer (Tallamy et al. 2002) . Campbell (2009) reported an average volume of 0.324 mm 3 for D. barberi spermatophores. This volume is difÞcult to compare with our estimates of spermatophore weight without information on spermatophore density. If one assumes that spermatophores have the density of water, then a spermatophore of 0.324 mm 3 would weight 0.324 mg, a value only slightly less than the 0.3704-and 0.3764-mg values estimated here.
Our estimate that northern corn rootworm males transfer Ϸ4.4% of their body weight to females during mating tends to be slightly lower than estimates available for related species. In D. undecimpunctata howardi, Tallamy et al. (2000) reported an average spermatophore weight of 1.2 mg, Ϸ7% of male body weight. Quiring and Timmins (1990) reported that spermatophore mass was Ϸ 0.55 mg for both large and small D. v. virifera males and ranged from Ϸ5 to 9% of body mass for the large and small males, respectively. However, these two studies may have overestimated spermatophore weight and percentage of body mass for several reasons. First, Quiring and Timmins (1990) weighed their males at emergence rather than at the time of mating. Because males at mating have probably fed and gained weight relative to their emergence weight this could have skewed their estimates. Second, neither Quiring and Timmins (1990) nor Tallamy et al. (2000) accounted for metabolic weight loss in their estimates, perhaps overestimating the spermatophore size and thus the percentage of male body weight transferred to females. In our study, the constant percentage of initial weight lost by each sex during pairing of insects that did not mate, combined with the longer pairing duration of unmated compared with mated pairs, provided the opportunity to better estimate spermatophore weight by adjusting weight changes of mating insects for metabolic weight losses associated with the pairing process in the absence of copulation.
An inconsistency in our data, however, suggests that use of weight losses incurred by paired but not mated individuals may not have entirely adjusted for metabolic weight losses associated with mating. In particular, pairing duration was negatively correlated with spermatophore weight when spermatophore weight was calculated using female weight changes adjusted for the weight change of paired but unmated females, but no correlation occurred when adjusted weight changes of males were used for the calculation. Thus, the percentage of weight loss of paired but unmated females may not have completely adjusted for the metabolic losses of mating females. This possibility is suggested by the tendency for paired but unmated females to lose proportionately more weight as pairing duration increased, a tendency that was admittedly not quite statistically signiÞcant and therefore ignored when adjusting weight changes of mated insects. There is also the possibility that the adjustments based on weight loss of paired but unmated insects did not completely account for the metabolic weight losses associated with copulation in either sex and that such losses increased more in females than in males as pairing duration increased. It is also conceivable, although perhaps less likely, that longer pairing was associated with transfer of less material by the male to the female, maybe a smaller spermatophore or lesser amounts of other accessory gland secretions. This might occur if males were experiencing difÞculty in transferring material to the female either because the female was resisting transfer or for some other reason, perhaps one related to morphological incompatibilities. Whatever the reason, lesser transfer with longer mating durations could interact with any underestimation of metabolic weight losses of mated females with longer pairing duration to worsen the discrepancy in correlations between pairing duration and spermatophore weights calculated from adjusted male and female weight changes. Data for each sex on the metabolic requirements of mating could help explain the discrepancy.
Our current data for D. barberi, unlike those available for D. v. virgifera (Quiring and Timmins 1990) , indicate that heavier males tended to produce heavier spermatophores. And heavier females also showed a tendency, albeit not quite statistically signiÞcant, to receive heavier spermatophores. The literature provides little evidence, however, that D. barberi females (French and Hammack 2010) , or those of closely related species (Tallamy et al. 2002) , prefer larger males as mating partners, although D. barberi females were inclined to remate sooner after mating with small compared with large males Hammack 2010, 2011) and male D. v. virgifera were more vigorous in their mating attempts with large than small a Pearson correlation coefÞcients calculated after log (x ϩ 1) transformation of female weight before and pair duration to achieve normal data distributions.
b Spearman correlation coefÞcients calculated without transformation.
females (Kang and Krupke 2009) . Instead of a preference by females for large males carrying large spermatophores, the positive correlation observed here for copulating pairs between male and female weights before pairing, in the absence of a similar correlation within pairs that did not copulate, suggests that D. barberi females may prefer males having a body size proportional to their own. Such positive assortative mating would be consistent with a positive correlation of spermatophore weight with both male and female weights before mating and has been reported for a Þeld population of D. v. virgifera (Kang and Krupke 2009) .
Because insect resistance management plans implementing structured refuges are designed to promote mating among resistant and susceptible individuals, it is important to understand the reproductive biology of an organism that is being commercially targeted with transgenic maize (Bates et al. 2005 , Spencer et al. 2009 ). Often overlooked or generalized (e.g., the simple assumption of random mating) in the insect resistance management plan are the intricate details on how males compete for receptive females and what traits are important for mate choice. Arguably, no other decision by a female is as important to her Þtness, and possibly that of her offspring, as the choice of sire for her offspring. Because our data here suggest that D. barberi sexes may not mate randomly with respect to body size, any change in size of insects surviving on transgenic maize relative to those surviving in nearby refuges could impact efÞcacy of refuges as a source of susceptible individuals able to mate with any resistant beetles emerging from the transgenic crop. Admittedly, few Þtness costs related to body size have so far been associated with rootworm survival on transgenic maize ). This may possibly be due to the low to moderate dose events so far available for rootworm management (Siegfried et al. 2005 , Storer et al. 2006 . This contrasts with the smaller body size that may accompany survival on high-dose transgenic crops that are capable of killing 99.99% of susceptible larvae like those available for control of lepidopteran species (Gassmann et al. 2009 ). Should pyramid traits, such as those currently found in SmartStax (USEPA 2011), or some other high-dose events become available for corn rootworm control, then survival of D. barberi on the transgenic crop could be associated with smaller body size. Under these conditions and the presence of positive assortative mating, any resistant beetles may prefer to mate with one another rather than with larger susceptible individuals from the refuge favoring the spread of resistance. More research is needed on the reproductive biology and ecology of corn rootworms to fully understand their ability to adapt so quickly to pest management tactics.
